INTRODUCTION
motor unit action potential train during a strong contraction have been described in the literature [3] - [7] . Unfortunately, AV:ARIETY of electrodes has been used to rec'ord myo-A VARIETY of electrodes has been used to record myo-the previously described microelectrodes are only useful for electric signals. They range from a sewing n-eedle parelectric signals. They range from asewingneedleparrecording from anesthetized animals because they are too tially covered withi lacquer [11 to a 14-wire needle tially covered with lacquer [I] to a 14-wire needle brittle to withstand the tissue movement that accompanies a Manuscript received June 7, 1971; revised October 8, 1971 , Decem-strong muscular contraction ber 6, 1971, and March 6, 1972. This work was supported by a grant
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electrode is used in its widest sense referring to any electrode W; Ji Forrest is with the Department of Anatomy, Queen's Univer-capable of recording isolated neuromuscular events under spesity, Kingston, Ont., Canada, and the Department of Physical Medicine and Rehabilitation, Kingston General Hospital, Kingston, Ont., Canada. cific conditions. CONSTRUCTION OF ELECTRODE The basic structure of the needle electrode is quite similar to that of the coaxial needle electrode, which is well known to electromyographers and which was introduced by Adrian and Bronk in 1929 [8] . The electrode consists of four nyloninsulated Karma wires (76 percent Ni, 20 percent Cr, Fe, Al), each with a diameter of 25 p fixed in a 25 gauge 1%-in disposable needle. A disposable needle is used because it has a plastic stem that is light in weight and thus more comfortable when inserted. Four wires are used in construction, giving the investigator a choice of four monopolar electrodes and/or six bipolar electrodes in the event that one or more of the electrode combinations are not functioning properly. A particular monopolar or bipolar combination of the new electrode has the properties of a microelectrode.
A wire was soldered to the shaft near the stem of the disposable needle. This wire served as a ground connection for the subject and the preamplifier to which the electrode is to be connected. (An auxiliary ground can be placed on the subject for additional safety.) All four ends of two pieces of Karma wire were inserted through the needle via the shaft and out the stem forming two loops of 2 cm each at the distal end of the shaft. The needle was secured to a three-dimensional micromanipulator. A piece of nylon-insulated Karma wire 50 p in diameter was looped through the other loops so as to exert tension on them. The ends of all the wires were fastened to clamps. The intersection of the loops was positioned approximately 1 cm from the distal end of the shaft. Sufficient tension was exerted on the wires to ensure that all wires were taut. The micromanipulator was adjusted until the four ends of the Karma wires in the shaft were closely packed at the center of the beveled tip of the shaft. A dissecting microscope (40X) focused on the tip of the shaft was used to ensure that the four wires were approximately 50 p apart and formed the configuration of a square. An exaggerated version of this arrangement can be seen in Fig. 1 . By careful manipulation, it is possible to position the wires in various configurations.
The wires were secured by applying a drop of epoxy cement at the tip of the shaft. When the epoxy cement was dry, the tip of a new number 11 rib-back scalpel blade was used to cut the wires and the adjoining epoxy on a plane perpendicular to the length of the shaft as shown in Fig. 2 . It is imperative that the cut be made with one continuous follow-through motion, so as not to disturb the position of the wires. Female Amphenol Relia-Tac 220-S02 multipurpose connectors were soldered to the four Karma wires protruding from the stem of the needle. The four connectors were secured in the stem of the needle with epoxy cement. The completed electrode is shown in Fig. 3 .
IMPEDANCE REDUCTION
Electrodes of the type described in this paper tend to have an undesirably high impedance (and resistance) that increases the thermal noise of the electrode and requires that they be matched with preamplifiers having a high input impedance. The impedance can be effectively reduced by an electrolytic treatment described by Buchthal et al. [9] . In the present study, the following modified electrolytic treatment was found to be most effective.
The needle electrodes were electrolytically treated after they were sterilized, prior to being inserted into the subject. Sterilization was completed after 1 h at 130°C in a dry-heat oven. A small electrolytic tank containing a nornal saline solution (0.9 percent NaCl) and a platinum electrode was heated approximately to the boiling point of the solution. The needle electrode was immersed in the tank. The four terminals of the electrode were connected to the negative terminals of a variable power supply. The platinum electrode was connected to the positive terminal of the variable power supply. A current of 1 mA was passed through the needle electrode for a period of 1 min, effectively reducing the impedance of the microelectrode to its minimum level.
MEASUREMENT OF ELECTRODE IMPEDANCE Each electrode was placed in a glass electrolytic tank containing normal saline solution and a platinum electrode. Two sets of measurements were made: one set with monopolar microelectrodes, the other with bipolar microelectrodes. The two measuring arrangements are displayed in Fig. 4 . An. oscilloscope with a dual-trade differential preamplifier was used. Both monopolar and bipolar microelectrodes were measured at three different times: before the electrolytic treatment, 10 min after the electrolytic treatment, and 72 h after the electrolytic treatment. An untreated electrode invariably had a high impedance, which was measured with a high impedance probe (10 MQ., 14 pF) on channel 2 of the oscilloscope (see Fig. 4 ).
Twelve different needle electrodes were used for the measurements. One monopolar and one bipolar combination for each needle electrode was chosen according to random tables. Voltage magnitude and phase readings were taken at 10, 102, i03, 104, and 105 Hz for each combination. Attempts at taking measurements below 10 Hz were unsuccessful because the output signal was too small and the electrode noise too large. All measurements were taken with a 10-mV peak-to-peak sinusoidal voltage across the microelectrode. This value was chosen because it was the smallest voltage that could be used consistently to obtain readings at all the measured frequencies. An inspection of the calculated impedance functions reveals that 1) all the poles and zeros are simple, 2) the first critical frequency is always a pole, and 3) the poles and zeros alternate. These properties imply that the impedance functions represent RC networks. A network realization of a given function is not unique. However, the problem is simplified by considering a general model [ 12] for microelectrodes that has proven useful to many investigators. This model is displayed in Fig. 6 . The physical origin of the components is as follows.
Rm is the resistance of the metallic portion of the microelectrode. Cs is the total shunt capacitance between the two terminals of the microelectrode from the tip to the end of the microelectrode.
Ce is the polarization capacitance of an electric double layer at the interface of the metal tip and the electrolyte junction. This layer is the result of the ionic equilibrium that is established at the metal electrolyte interface.
Re is the leakage resistance due to the charged carriers crossing the electric double layer.
Rs is the resistance of the electrolyte solution extending from the electric double layer to the ground terminal.
e is an ideal voltage source representing the myoelectric signal.
A detailed explanation of the complicated electrochemistry of metal-liquid interfaces can be found in most textbooks of electrochemistry.
The ideal voltage source in the general model can be shorted, thus reducing the microelectrode model to a single-port network that can be reconstructed from impedance measurements.
Using the generalized model as a guide and by successive applications of the first Foster form and the first Couer form, it is possible to realize a physically significant canonic network for each impedance function. A canonic network is one that realizes a given function with a minimum number of elements, but does not necessarily provide the most physically significant network. In particular, the canonic realization yields one capacitor between the outputs of the microelectrode. However, the mechanical shunt capacitance Cs could be measured without immersing the electrode in the normal saline solution.
Before the electrolytic treatment, the value of C, was 4.68 ± 1.62 pF for monopolar microelectrodes and 4.26 ± 1.70 pF for bipolar microelectrodes. After the electrolytic treatment, the respective values of Cs were 5.41 ± 0.52 pF and 6.13 + 1.22 pF. The difference between the capacitance of the canonic realization and Cs is represented by an electrolytic capacitance C1. The appropriate realizations and their corresponding elements have been tabulated in Table II .
DIscussIoN
The needle electrode described in this paper is relatively simple and inexpensive to construct. Each needle electrode requires approximately 1 h to be constructed, excluding the drying time of the epoxy cement. Over three dozen such electrodes have been made in the EMG Laboratory of the Anatomy Department at Queen's University, Kingston, Ont., Canada. None have been discarded for reasons of faulty construction.
The choice of four monopolar and six bipolar microelectrodes in each needle electrode has been extremely useful in obtaining a good recording. Fig. 7 demonstrates a The synthesized models for the monopolar and bipolar microelectrodes are similar for each particular situation. The close proximity of the wires at the tip of the needle electrode affects the metal-electrolytic junction causing variations in the microelectrode models that cannot be easily explained. The tip of the electrode undergoes a considerable change during the electrolytic process, as can be seen in Fig. 8 . The model for the untreated electrode is altered in two ways. The elements C, Ce, and Re acquire different values and new elements Cl, R., and R, appear. The resistance R,, which appears in the same location as the resistance Rm in the general model, has a much higher value than Rm, which is approximately 400 Q. The capacitance C, decreases with time and the resistance R, increases with time. value by a careful interplay of these parameters. This is a delicate manipulation that requires practice. The major drawback of the new electrode is that minute movements of the electrode with respect to the active muscle fibers cause considerable variation in the amplitude of the recorded signal. This is a result of the small pickup area. The empirically derived voltage decrement curve [2] When normal saline is used as the electrolyte, the impedance characteristic of an untreated electrode can be controlled by three parameters: the current of electrolysis, the time duration of electrolysis, and the time lapse after the electrode has been treated. It is possible to reduce the impedance of several microelectrodes to a common value other than the minimum d distance in millimeters between the origin of the myoelectric signal and the recording electrode; k maximum observed amplitude of signal in millivolts.
A movement of 100 ju away from the active muscle fiber will cause the signal amplitude to be attenuated by 80 percent. Muscle tremor becomes more dominant during strong contractions and fatigue. Yet the electrode was specifically designed to record myoelectric signals in these two states. The situation becomes somewhat paradoxical. However, the electrode remains useful because the shape of a motor unit action potential remains the same; therefore, an individual motor unit action potential train remains recognizable throughout the contraction.
INTRODUCTION
A LTHOUGH electrolyte-filled micropipettes have proven Aextremely useful in electrophysiological experimentation, interpretation of potential measurementsusing these electrodes is subject to significant ambiguities. For one, "tip potentials" exist that may change with time or upon penetration of a cell [1] . The filtering effects of the electrical circuit to which the micropipette is attached may also be important [2] . Moreover, a liquid-junction potential exists between the electrolyte in the micropipette and the physiological concentrated KCI reduces the tip potential [4] , reduces the resistance of the micropipette [1] , and fixes the liquidjunction potential between the micropipette's electrolyte and axoplasm at no more than 3-4 mV [3].
The resulting difference in concentrations between the micropipette electrolyte and the less-concentrated ionic environment into which the micropipette is inserted will cause an outward diffusion of electrolyte. The effects of such diffusion may alter the external ionic environment and thus are of concern [5] . Such diffusion effects have in fact been experimentally demonstrated for molecules such as acetylcholine [6] .
Electrolyte diffusion has even been used as an intracellular marking technique: while recording intracellularly, Harris et al. [7] used diffusion of Niagara Sky Blue dye from the recording electrode to mark the penetrated cells.
Quantitative descriptions of diffusion rates from micropipettes are not common in the literature, but a steady-state solution has been obtained by Nastuk and Hodgkin [8] and by Krnjevic et al. [6] . It is the purpose of this paper to present a more general, time-dependent description of electrolyte diffusion.
ANALYSIS
Since the geometry of experimental systems is quite variable, and frequently not known in detail, it is desirable to consider simplified models for possible limiting cases. We consider here
